Abstract: Salamanders (Urodela) have among the largest vertebrate genomes, ranging in size from 10 to 1 120 pg. Although changes in genome size often occur randomly and in the absence of selection pressure, 2 non-random patterns of genome size variation are evident among specific vertebrate lineages. Several 3 reports suggest a relationship between species richness and genome size, but the exact nature of that 4 relationship remains unclear both within and across different taxonomic groups. Here we report i) a 5 negative relationship between haploid genome size (C-value) and species richness at the family 6 taxonomic level in salamander clades; ii) a correlation of C-value and species richness with clade 7 crown-age but not with diversification rates; iii) strong associations between C-value and either 8 geographical area or climatic niche rate. Finally, we report a relationship between C-value diversity and 9 species diversity at both the family and genus level clades in urodeles. 10 11
Introduction 1
Genome size in vertebrates varies more than three hundred fold from 0,4 picograms (pg) in pufferfish to 2 over 120 picograms (pg) in lungfish (Gregory 2015) . Most of the variation in vertebrate genome size 3 corresponds to differences in non-coding DNA such as transposable elements, microsatellites and other 4 types of repetitive and intergenic DNA (Metcalfe and Casane 2013) . The DNA accounting for 5 differences in genome size between related species has been considered devoid of any universal function 6 such as gene regulation, structural maintenance and protection against mutagens (Palazzo and Gregory 7 2014 ). Genome size, however, is known to have a direct impact on important physiological parameters negatively associated with species richness, but only at the higher class-taxonomic level (Olmo 2006) . 17 The strongest association between genome size and species diversity was observed at C-values greater 18 than 5 pg. Consistent with reduced species diversity in vertebrates with large genomes, extinction risk 19 was found to increase with genome size (Vinogradov 2004) . Consequently, species richness in a clade 20 might correlate negatively with the proportion of repetitive DNA present in the respective species ' 21 genomes (Olmo 2006) , suggesting that either evolvability (propensity to speciate) or extinction risk 22 varies according to the amount of non-coding DNA present in the genome. 23 1 Several hypotheses, both adaptive and non-adaptive, have been proposed to explain the relationship 2 between C-value and species richness. The mutational hazard hypothesis, for example, proposes that 3 large genomes impose a constraint on rates of speciation, presumably due to differences in life history 4 traits such as body size and developmental rates (K-selected versus r-selected strategists) ( underlying molecular mechanism to account for the frequently observed negative association between 18 C-value and species richness (Herrick 2011). DNA repair systems are known to vary significantly 19 among species, which might influence the respective rates of DNA sequence evolution (Britten 1986). 20 Accordingly, as genomes increase in size during evolution, the DNA replication and repair program 21 adapts to the growing mutational hazard, thereby limiting DNA damage to sub-lethal levels ( Together, these findings suggest that large genomes tend to be associated with slower rates of molecular 16 evolution (genetic and genomic turnover), which might be reflected in terms of species diversity within 17 and across different but closely related taxonomic groups and clades (Böhne, Brunet et al. 2008 ). The 18 Anura, for example, have smaller genomes on average that are evolving more rapidly compared to 19
Caudata. (Liedtke, Gower et al. 2018) . At the same time, the Anura contain correspondingly more 20 species-rich clades than do Caudata (Pyron and Wiens 2011) . This observation raises the question of 21 whether an inverse relationship between species richness and genome size, and/or genome 22 diversification, persists at lower taxonomic levels within the salamander clade as the earlier studies on 1 rates of karyotype evolution have suggested (Bush, Case et al. 1977 , Bengtsson 1980 . such as productivity and rates of diversification (extinction and speciation). Figure 1 shows the family 20 level phylogenetic tree while Figure 2 shows the genus level phylogenetic tree, both derived from Pyron 21 and Wiens (Pyron and Wiens 2011) , that were used here to investigate the relationship between 22 salamander genome size and species diversity. Substantial variation in species diversity, body size and 23 C-value among and within clades at the family and genus level is apparent in the phylogenetic tree of the 1
Urodela. 2 3
Crown age, but not diversification rate, correlates with clade diversity 4 Among animal taxa it has been reported that clade age rather than diversification rate explains species 5 richness (McPeek and Brown 2007). A more recent study of amphibians, birds and mammals supports 6 the finding that time (older lineages), and not diversification rates, explains extant species richness 7 (Marin and Blair Hedges 2016). A significant positive correlation between crown group age at the 8 family level and species diversity has also been reported in salamanders (Eastman and Storfer 2011). In 9 contrast to these reports, our initial phylogenetic generalized least squares (PGLS) analysis at the 10 family-level of Urodela did not confirm a significant relationship between crown age and species 11 richness. 12 13 We determined, however, in preliminary OLS regression analyses that the family Proteidae represents 14 an outlier (studentized residual: 2.35; studentized deleted residual: 3.94). We further determined that the 15 outlier status of the Proteidae is due to a single monotypic genus: the European Proteus anguinus, the 16 only genus in the Proteidae clade found outside of North America. Monotypic groups complicate 17 estimates of crown age (Wiens 2017) , which might influence the regression analyses performed here. 18
Excluding this monotypic genus from the regression analysis changes the Proteidae family-level crown 19 age of 121 Mya to that of the Necturus genus-level crown age of 13 Mya (www.timetree.org). 20 
21
We therefore conducted the following PGLS analyses both with and without the single species Proteus 22
anguinus to test the effect this species has on the association between the investigated variables (see 23 Table S1 and Table 1 ). Phylogenetic generalized least squares (PGLS) analysis confirmed that species 1 diversity in salamanders increases with clade crown age: older clades tend to have higher species 2 diversity than comparatively younger clades, as expected (Table 1) between crown age and C-value using the Pyron and Wiens dataset, in contrast, revealed a significant 17 negative relationship between C-value and crown age (R 2 = 0.7 P = 0.0015; Figure 1 suggests that species diversity is negatively associated with both C-value and body size. Our 21 analysis revealed an inverse relationship between species richness and body size; however, the 22 correlation was not significant (Table 1) . The relationship between species richness and C-value, in 23 contrast, is strongly negative and significant at the family taxonomic level (R 2 = 0.69 P = 0.003; Table  1 1). This negative trend is readily apparent in the phylogenetic tree: the sister clades Hynobidae and 2
Cryptobranchidae, for example, differ over 2X with respect to average genome size and over 10X with 3 respect to species diversity (Figure 1) . The other two sister clades in Figure 1 exhibit a similar trend 4 (Amphiumidae: Plethodontidae; Dicamptodontidae: Ambystomatidae). 5 6 C-value, species richness, geographic area and climatic niche rate 7
Older clades (crown age) have had more time to disperse over larger areas, suggesting that geographic 8 area might correlate positively with species richness. PGLS analysis revealed a strong relationship 9 between family clade diversity and geographic area (R 2 = 0.67, P = 0.002; Table S1 ). Likewise, a strong 10 negative correlation was found between C-value and geographic area: clades with smaller average 11 genome sizes occupy larger geographic areas (R 2 = 0.74; P = 0.0008; Table 1 ). 12 
13
In order to better understand the relationship between C-value and geographic area we next examined 14 the relationship between C-value and niche rate. Since larger geographic areas are expected to comprise 15 higher levels of both habitat and niche diversity, we examined the individual relationships between 16 niche rate, species richness and C-value. PGLS analyses revealed a negative relationship between niche 17 rate and C-value (Table 1) . Positive relationships were found between area and species richness and 18 between niche rate and area (Table S2) . Additionally, our analysis revealed that niche rate and 19 diversification rate are related at the family-level of Urodela clades (R 2 = 0.44; P = 0.02; Together, our results suggest a potential relationship between species diversity and genome size 3 diversity. We next investigated if clades with higher levels of species diversity have correspondingly 4
higher levels of genome size diversity. Genome size is expected to evolve in a manner that is 5
proportional to C-value, suggesting that larger genomes are changing faster in size compared to smaller 6 genomes (Oliver, Petrov et al. 2007 ). The coefficient of variation (CV) of the log of C-value was used 7 here to assess genome size diversity (see materials and methods). Comparing salamander families, there 8 appeared to be a negative relationship between average C-value in each clade and its corresponding CV; 9 however, the relationship was not significant (R 2 = 0.38; P = 0.08; Table 1 ). 10 
11
Examining the relationships between CV of C-value and the other investigated variables, a strong 12 relationship was found between genome size diversity and species richness at the family taxonomic level 13 (Table 1) , as expected if genome size has been evolving in parallel with species richness since the 14 emergence of the different family-level salamander clades. Significant correlations between CV of C-15 value and either crown age or area were also found; however, only the correlations between species 16 richness and CV of C-value remained significant following Benjamini-Hochberg analysis (Table 1) . 17 
18

Clade age, species richness and C-value at the genus level 19
Extending our examination of the relationship between clade age and species richness to genus-level 20 clades across the Urodela phylogenetic tree, we initially failed to find a clear correlation between clade 21 age and species richness in 50 different genera. Excluding the monotypic phyla, however, revealed a 22 significant correlation between genus radiation time and species richness (R 2 = 0.62; P = 2 x 1E-9, Table  23 2). When examining the relationship between CV of C-value and radiation time we also found a 1 significant correlation between these two variables (R 2 = 0.21; P = 0.008; Table 2 ). Multiple regression 2 analysis showed that the contribution of each variable, CV of C or radiation time, to species richness 3 was not substantially different from their individual univariate contributions (Table 2) . Phylogenetic 4 path analysis at the genus level further suggests that the best of all possible models corresponds to the 5 one in which species diversity and genome size diversity depend similarly on radiation time, as expected 6
(not shown). 7 8 A significant relationship has previously been reported between diversification rate and niche rate in 15 9 plethodontid clades (Kozak and Wiens 2010) . Using the values of niche rate for plethodontids reported 10 in Kozak and Wiens 2016, we found a significant association between C-value and niche rate at this 11 lower taxonomic level (R 2 = 0.48; P = 0.002; Table 3) , similar to what was observed at the family level 12 (R 2 = 0.58; P = 0.006; Table 1 ). In contrast, we did not find that C-value or CV of C-value is associated 13 with either crown age, geographic area, diversification rate, or species diversity in the plethodontid clade 14 (Table 3) . 15
16
Discussion 17
We report here a relationship between average genome size and species richness at the family level of 18 Urodela clades (Table 1) . At both genus and family levels, a significant relationship was also found 19 between C-value diversity (CV of C) and species richness in a clade. Phylogenetic path analysis at the 20 genus level suggests that these two variables, genome size diversity and species richness, depend 21 similarly on crown age, suggesting that these two traits are evolving independently of each other (not 22 shown). Together, our findings provide evidence that C-value and variation in C-value constitute 23 additional traits associated with species diversity, at least in urodeles. Examining other factors such as 1 clade age, geographic area and rate of climatic-niche evolution suggests that the relationship between 2 genome size and species diversity is mediated directly or indirectly through several different variables. 3 4 What is the nature of the relationship between average C-value and these different ecological variables 5 in the Urodela? Sessions reported that the range in genome size in family-level Urodela clades tends to 6 increase as their average C-values decrease (Sessions 2008) , suggesting a potential relationship between 7 genome size diversity and average genome size in a clade. Our analysis does not support a significant 8 relationship between CV of genome size and C-value. We did find, however, a significant relationship 9 between CV of genome size and species richness, suggesting that diversification of genome size 10 coincided with diversification of species in a clade (Table 1) . In contrast, genome size diversity (CV of 11 C) is not significantly related to either niche rate, geographic area or diversification rate at the family 12 taxonomic level (Table 1 ). These observations suggest that changes in genome size are associated 13 directly or indirectly with speciation events in urodeles, consistent with findings in plants that rates of 14 genome size evolution correlate with rates of speciation (Puttick, Clark et al. 2015) . 15 
16
We note that the observations made here concerning average C-value and species diversity apply 17 predominantly to the family-level of Urodela clades. At lower taxonomic levels such as the 18 plethodontids, the relationship between genome size and species richness shows no consistent pattern. 19 The Bolittoglossinae, for example, tend to have larger clade-average genome sizes but higher species 20 diversity than other genera in the plethodontids. Indeed, the Plethodontidae as a group exhibit the 21 highest levels of species diversity among family-level Urodela clades (Wake 2009 Based on these findings, we propose that rates of variation in C-value and genomic organization 1 (heterochromatin content and gene synteny), in addition to changes in genome size, might coincide with 2 rates of variation in species richness. These observations suggest that changes in C-value, and hence 3 changes in the amount and/or organization of non-coding DNA in the vertebrate genome, are associated 4 with the allelic incompatibility believed to drive reproductive isolation and speciation in salamanders. 5 We are currently investigating the hypothesis that genome diversification rates and corresponding levels 6 of genome size and karyotype diversity, rather than absolute C-value, explain rates of molecular 7 evolution and rates of speciation in Amphibia and other eukaryotes. 
